Flow characteristics and loss mechanism inside the helical pipe with large-caliber and large-scale Dean number were analyzed in this study. Numerical simulation was carried out for exploring velocity distribution, pressure field, and secondary flow by varying coil parameters such as Dean number, curvature radius, and coil pitch. The velocity gradient in the cross-section increases along the pipe and causes unsteady flow in the pipe. Large pressure differences in the 180°and 315°cross-section generate centrifugal forces on the pipe. The secondary flow is the major factor resulting in flow loss, presented obviously by the streamlines to analyze the effects of pipe parameters on the vortices. The vortex center shifts toward the upper wall with the increase in Dean number and takes a slight deflection with the increase in coil pitch. Meanwhile, a correlation of the flow loss extent inside the pipe as a function of friction factor was presented. The increases in curvature radius and coil pitch can diminish the friction factor to reduce flow losses. The accuracy of the numerical methodology was also validated by conducting corresponding experiments and empirical mathematical analysis. The maximum deviation between the experimental values and the simulated results of the pressure drop is just 2.9%.
Introduction
Coiled pipes of helical shape have an extensive application in various industries: chemical, biomedical, mechanical, agricultural, and among others. They are applied in a wide range of processes: water supply, drainage, separation, and reaction. There are several literatures that have made researches on the internal flow of helical pipe. Eustice 1 first made the experiment by injecting ink into coiled pipe filled with water to observe the centrifugal force induced secondary flow, which is the nature of curved flow. Later Dean 2 provided the solution to the flow in curved pipes through theoretical analysis and gave an original definition of Dean effect associated with curvature. Then, this effect was developed to be a non-dimensional quantity to characterize the magnitude of secondary flow. De = Re(r/R) 0.5 where Re is the Reynolds number, r is the pipe diameter, and R is the pipe bending radius. Then, several theoretical had been made to solve the equations of pipe fluid motion. Truesdell and Adler 3 produced a completely rigorous solution for a toroidal system, but it proved to be unstable when Dean number beyond 200, and Akiyama and Cheng 4 expanded the range of 1 Dean number to 300. Subsequently, Austin and Seader 5 obtained solutions for Dean number as high as 1000. Wang 6 introduced a non-orthogonal helical coordinate system and studied the low-Reynolds-number flow in helical pipe using the perturbation method for high Dean number, while Germano 7 analyzed the same thing by perturbation method with orthogonal helical coordinate system.
Nowadays, new development in measurement and computational fluid dynamics (CFD) techniques were used to clearly figure out the flow phenomena and fluid flow pattern in the helical pipe. Experimental works were concentrated mainly on measuring pressure or temperature data and deducing characteristics of the helical pipe. Cioncolini and Santini 8 and Hayamizu et al. 9 experimentally clarified the curvature and torsion effect on the flow in helical pipes from laminar to turbulent flow, respectively. Gupta et al., 10 Pimenta and Campos, 11 and Amicis et al. 12 all measured the pressure drop for helical pipe under laminar flow condition. However, Gupta et al. 10 applied the experimental data to obtain a new fiction factor correlation, Pimental and Campos 11 employed them to analyze the fiction factor of non-Newtonian fluids, and Amicis et al. 12 used them as a comparison group to compare with calculation results from different codes. Mandal and Nigam, 13 Hardik et al., 14 and Kim et al. 15 analyzed the influence of pipe geometry on pressure drop and Nusselt number through measuring the pressure and temperature in several locations of helical pipe.
In parallel, numerical studies were dedicated to produce detailed data on the flow within different helical pipes. Jo et al. 16 addressed the numerical calculation of two-phase flow heat transfer in the helical steam generator pipes. Detailed analyses had been performed for flow fields in terms of volume fractions, temperatures, and heat transfer coefficients. Piazza and Ciofalo 17 analyzed the accuracy of several turbulence models including the standard k-e model, the shear stress transport (SST) k-v model, and the Reynolds stress model (RSM)-v model, these models were compared with the direct numerical simulation (DNS) results. They showed the other two models are better than the standard k-e model in predicting turbulent flow and heat transfer in helical pipe. Jayakumar et al. 18 numerically studied the effect of coil parameters on heat transfer by FLUENT code together with the realizable k-e turbulence model. Then, they developed the correlations for the prediction of Nusselt number. Malheiro et al. 19 presented the FENE-CR flow in curved channel with square crosssection where a fully implicit finite volume method was employed to solve the governing equations. They illustrated the effect of the retardation ratio and the extensibility on the velocity distribution and development. Noorani et al. 20 obtained the characteristics such as fluctuations, Reynolds stress budgets for turbulent flow in both straight and curved pipes using DNSs. Amicis et al. 12 illustrated differences among various numerical codes (FLUENT, OpenFOAM, and COMSOL) when they were applied to describe the effect of geometry on coiled pipe flow. Pan et al. 21 calculated the oscillating flow in helical pipe under laminar condition. They demonstrated that the rate of heat transfer becomes better with the decrease with the volume average field synergy angle. Nobari et al. 22 numerically simulated the incompressible viscous flow in helical pipe with square cross-section through a second-order finite difference method. They studied the effect of non-dimensional parameters on flow patterns. Kang and Yang 23 used large eddy simulation (LED) approach to predict the fully developed turbulence flow in curved pipe. They investigated the effects of pipe curvature on flow patterns and heat transfer for the friction Reynolds number of 1000 and the non-dimensional curvature varies from 0.01 to 0.1.
Despite the large pool of knowledge on pressure loss in the laminar flow and heat transfer characteristics in the turbulent flow in small-bore pipes, studies on flow structure inside the helical pipe with large-caliber and large-scale Dean number are rare. This article is dedicated to obtain flow characteristics and loss mechanism in helical pipe by CFD method. The velocity and pressure distributing features for a pipe with 61.4 mm diameter, 662.5 mm curvature radius, and 12 313. 6 Dean number (De) are explored. Meanwhile, the secondary flow performance and the friction factor are investigated to analyze flow structure and loss mechanism inside the pipe with various parameters, including four coil pitches and four curvature radiuses. Also, both corresponding experiment and empirical mathematical analysis are conducted to validate the accuracy of the numerical methodology.
Materials and methods

Analysis model
The schematic representation of a helical pipe with its main geometrical parameters is shown in Figure 1 . The pipe can be geometrically described by the curvature radius R, the pipe radius r, the pipe diameter d, and the coil pitch p. The geometric data of seven selected pipes are listed in Table 1 . The characteristic of pressure dropped was studied in experiment and empirical calculation to verify numerical analysis result in a pipe, that is, pipe 1. Then, the velocity and pressure distribution in the flow structure of pipe 1 were numerically calculated. In addition, as to explore loss mechanism and law in the pipe, secondary vortices were analyzed for pipes 1-3, and the friction factor was investigated for pipe 1, and pipes 3-7.
Mesh and grid sensitivity analysis
The grids for the computational domains were generated by the meshing tool ICEM CFD with the blocking method. The grid details for the whole domain are shown in Figure 2 . Five mesh schemes were used to prove the grid independence by simulating the flow field with different numbers of grid nodes in Table 2 . Figure 3 illustrates the grid sensitivity analysis through axial velocity in x-direction along the circumference of cross-section at half length. The simulated axial velocity had a slight change when the grid number was more than 0.794 million, which indicated the calculation results tend to stable. Therefore, Mesh 4 was selected to be the final computing grid in consideration of the computation resource. The maximum non-dimensional wall distance y + for the whole flow field was lower than 80, which satisfy the requirement of each turbulence modeling method adopted in this article.
Boundary conditions
In the steady state simulation, governing equations are solved in a stationary framework. Water at 25°was chosen as the working fluid, with the reference pressure of 1 atm. The uniform axial speed was specified at the inlet and the outlet boundary was set as opening with a relative static pressure value of zero. A no-slip wall condition was imposed on the physical surface of the helical pipe. The convergence criterion was set to 10
25
. The high-resolution scheme was used for the discretization of advection term and diffusion term. The fully implicit multi-grid coupled algorithm was used to solve all the hydrodynamic equations as a single system.
Turbulence model
Four turbulence models including standard k-e model, re-normalization group (RNG) k-e model, SST k-v 
Results and discussion
Validation of numerical codes
The experiment was performed in an open test bed, as shown in Figure 5(a) . It contains the following components: a polyethylene (PE) helical pipe, a centrifugal pump, a flowmeter, a set of pressure gauges, two valves, and a pipeline. The mass flow was measured by an electromagnetic flowmeter with an estimated experimental uncertainty of 0.5%, which was installed between the outlet of the centrifugal pump and the inlet of the PE helical pipe. Pressure measuring points were, respectively, located at the inlet and outlet of both the PE helical pipe and the centrifugal pump. In order to reduce the impact of secondary flow in measurement of pressure, measurement devices were installed at the inlet and outlet of the PE helical pipe in Figure 5(b) . The measurement device was consisted of a connecting pipe, a piezometer ring, and a pressure gauge connector. The water flowed from the connecting pipe to the piezometer ring by four guiding pressure holes evenly distributed in the connecting pipe wall along the circumference. The piezometer ring was installed at 2d away from the outlet of the PE pipe, using to connect the pressure gauge. Water was sucked from an open reservoir by the centrifugal pump, and then flowed back the reservoir through the PE helical pipe. The valve at outlet of the centrifugal pump was used to control the flow rate.
Ito 25 and Murakami et al. 26 correlations are most widely accepted for single-phase pressure drop in curved pipe for turbulent flow, as equations (1) and (2), defining the variable f c representing the friction factor of helical pipe. The Fanning friction factor 27, 28 contributes to pressure drop (Dp) served as the variable compared with numerical simulation for empirical calculations, which is defined by equation ( 
where u is the velocity, and variables L and d are described as the length and the diameter of the pipe, respectively. Experimental data and two empirical calculations were collected to compare with numerical simulated results for pressure losses in pipe 1. Figure 6 shows an acceptable agreement with experimental data and empirical calculation. Experimental data at the flow rate ranging from 10 to 40 m 3 /h are almost consistent with numerical results. The maximum deviation between the simulated results and experimental values of the pressure drop is 2.9%. The mean deviations between two empirical calculations and the numerical result are lower than 5%. The maximum deviations between two empirical calculations and the numerical result are 9% and 5.3%, respectively. Therefore, it is certain that the numerical computational method used in this study is correctly implemented, and new simulation can be conducted at different values of De, curvature radius, and coil pitch.
Developments of velocity and pressure distributions at different angular positions
Velocity and pressure distribution at various planes along the length of pipe 1 were numerical simulated to analyze the flow structure inside the helical pipe. Figure  7 (a) presents an overview of velocity contours for various cross-sections along the pipe 1 and the details at some typical cross-sections are specified in Figure 7(b) .
The sectional planes are identified by the angle u from 0°to 360°, starting from the pipe inlet (u = 0°), and the subsequent planes are 10°apart in Figure 7(a) .
Up to the angle of 60°, the maximum velocity in the pipe was found to increase gradually. Subsequently, the velocity profile at the cross-section was symmetric and the area of high velocity region reduced as the flow develops. This behavior led to the increase in the velocity gradient in the cross-section and contributed to unsteady flow along the length of helical pipe.
To analyze the pressure distribution of inner helical pipe, a dimensionless pressure coefficient C p is defined as follows
where p ref is the average pressure and u is the mean velocity for the inlet plane of helical pipe. The pressure drop in helical pipe was observed downstream from the angle 0°to 360°in Figure 8(a) . According to the above analysis of the velocity distribution, the pressure energy of fluid is transformed into the kinetic energy along the pipe. Figure 8(b) presents the pressure distribution in the circumference of the cross-sections of the angle 0°, 45°, 90°, 135°, 180°, 225°, 270°, 315°, and 360°. It is shown that the variation pressure is predominant in the central region of each cross-section circumference. The differences in pressure in both sides of the sectional plane transversal led to obvious pressure gradient along the same direction. The water flowed to the pipe ektexine with the bigger curvature radius under the influence of the syphon, resulting in squeeze flow. The squeeze flow produced pressure difference in the cross-section. Obviously, large pressure differences observed in the angle of 180°a nd 315°cross-section illustrated the large force generated on the pipe ektexine locations of both angles. The large force was one of the main causes to induce the pipe deformation.
Although the above obvious velocity and pressure variations can be noticed along the length of the helical pipe, the flow pattern cannot be easily indicated specifically in this way. Therefore, the numerical simulating streamline method will be used for this case, and the results will be discussed in the next section.
Comparison of streamline patterns for different pipe parameters
The helical pipe parameters, including the De, the coil pitch, and the curvature radius, play an important role in flow structure inside the pipe. Based on the pipes 1-3, the effects of these factors on flow characteristics were analyzed by predicting streamlines as shown in Figure 9 (a)-(c). The secondary flow was visualized by illuminating numerical simulating streamlines in crosssections. The streamline curves of double vortices were symmetrical about the horizontal diameter of each cross-section. In Figure 9 (a), the centers of double vortices shift toward the upper wall symmetrically with the gradual increase in the De. Such alterations in the nature of the streamlines are noticeable when the De is larger than 200. Moreover, it can be seen that the streamline spacing is homogeneous in the high De pipe, while the kinetic energy loss in flow structure of low De pipe is stronger than that of high De pipe. Figure 9(b) shows that the vortex center takes a slight deflection and the flow is seemed to be concentrated in the vortex center with the increase in the coil pitch. The coil pitch influences mainly on the rotational position of secondary vortices around its longitudinal axis. In Figure 9 (c), the vortex center shifts toward the upper wall slightly when the curvature radius reduces drastically. Thus, the effects of the De and the coil pitch on the secondary flow within the helical pipe are quite significant.
Comparison of friction factor
The friction factor is the major factor representing the flow loss extent in the helical pipe, while the secondary flow results in the flow loss. Considering the effects of the helical pipe parameters, containing the De, the curvature radius and the coil pitch, the friction factor was analyzed to account for the loss mechanism and law using pipe 1, pipes 3-7. Figure 10 (a) presents that the friction factor drops enormously when the De increases from 10 to 100,000 under the constant coil pitch (p = 75 mm) by pipe 1, pipes 3-5. The friction factor decreases to some extent with the increase in the curvature radius from 150 to 1500 mm. Similarly, the friction factor reduces from 0.0075 to 0.0045 with the growth in the De from 5000 to 50,000 with constant curvature radius (R = 662.5 mm) by pipe 1, pipe 6, and pipe 7, as shown in Figure 10 (b). The pipe with the bigger coil pitch has the smaller friction factor, that is, the pipe has less flow losses. Therefore, adding the values of the curvature radius and the coil pitch can diminish the friction factor to reduce flow losses within the helical pipe.
Conclusion
Flow characteristics within the helical pipe were presented by CFD calculation in this article. The numerical methodology was validated by comparing with the results of the experimental and empirical mathematical calculations. The maximum deviation between the experimental values and the simulated results of the pressure drop is just 2.9%.
The velocity and pressure distributions within the helical pipe were predicted along the length of the pipe. The maximum velocity increases along the pipe gradually and forms a large gradient field in the cross-section to cause unsteady flow in the pipe. Conversely, the pressure reduces along the pipe and large pressure differences observed in the angle of 180°and 315°cross-section generate the corresponding centrifugal forces on the helical pipe, due to the squeeze flow.
The secondary flow was presented obviously by illuminating streamlines. The double vortices are symmetrical about the horizontal diameter of each cross-section. The effects of the helical pipe parameters on the secondary flow were explored. The vortex center shifts toward the upper wall with the increase in the De. The vortex center takes a slight deflection with the increase in the coil pitch.
The friction factor was studied to account for the loss mechanism by altering the helical pipe parameters. The increases in the curvature radius and the coil pitch can diminish the friction factor to reduce flow losses within the helical pipe.
Declaration of conflicting interests
The author(s) declared no potential conflicts of interest with respect to the research, authorship, and/or publication of this article. 
